It is not known whether the contribution of the muscle metaboreflex to the cardiovascular response to isometric exercise varies between different muscles in patients with CHF (chronic heart failure) or whether this depends upon muscle fibre type and training status. To resolve these issues BP (blood pressure) and HR (heart rate) responses were recorded in seven stable CHF patients (ejection fraction 30-40 %; age 67 + − 3 years) and in six healthy AMA (age-matched active) subjects. The experimental protocol consisted of 2 min of ischaemic isometric exercise at 30 % maximum voluntary force, performed in separate trials by the calf plantar flexors (CALF) and handgrip muscles (FOREARM). To isolate the muscle metaboreflex a subsequent period of PECO (postexercise circulatory occlusion) was performed following exercise. FOREARM and CALF produced similar increases in BP in both the AMA subjects and CHF patients. CHF patients elicited a significantly lower diastolic BP during PECO following CALF in comparison with that following FOREARM (5 + − 5 compared with 12 + − 3 mmHg respectively). A similar result was seen in AMA subjects. It may be that even the limited weight-bearing locomotor role of the calf muscles constitutes a conditioning stimulus in CHF patients, which leads to desensitization of the muscle metaboreflex, thus producing an attenuated BP elevation. We conclude that it would be incorrect to make general statements about muscle chemoreflex inputs to cardiovascular control in CHF patients based upon measurements made on only one muscle group and without reference to muscle fibre type and training status.
INTRODUCTION
During isometric exercise there is an increase in arterial BP (blood pressure) and HR (heart rate) known as the PR (pressor response) controlled by a combination of central command [1] and reflex afferent feedback, which arises from the active muscle [2] . Exercising skeletal muscle activates group III and IV muscle afferents, which carry neural signals to the central nervous system [3] . Separation of the contribution to the PR of information generated by muscle metaboreceptors, from that of muscle mechanoreceptors and central command, can be achieved by the simple technique of PECO (postexercise circulatory occlusion) [4] . During PECO, muscle metaboreceptors remain activated because metabolites are trapped within the muscle interstitium, but muscle mechanoreceptors are not active because the muscle is relaxed. Central command is absent because there is no intention to exercise.
The efferent pathways of the reflex involve both vagal inhibition and sympatho-excitation. Excessive activation of the latter pathway, during exercise, has been seen as an important factor in the impaired muscle blood flow [5] and poor exercise tolerance of CHF (chronic heart failure) patients. However, there is a lack of agreement in the literature regarding the magnitude of the influence of skeletal muscle afferents on the reflex component of the PR to isometric exercise in patients with CHF. The role of skeletal muscle afferents has been variously reported as having a greater effect on the response to exercise [6] , no difference [7] or smaller effect [8] when compared with age-matched control subjects.
Clearly, the influence of the muscle afferent driven reflex component of the cardiovascular response to exercise will depend, in part, on the level of afferent nerve traffic. This, in turn, must depend on the magnitude of the stimulus applied to an afferent nerve as well as its sensitivity to that stimulus. There is good evidence to suggest that these two factors are related to the muscle fibre composition of the active muscle and also to its training status in both healthy subjects and CHF patients [8] [9] [10] . In light of this, the recent claim of Scott et al. [11] that, in patients with moderate to severe CHF, there is a systemic overactivity of skeletal muscle metaboreceptors during exercise when compared with AMCs (agematched controls) is rather puzzling.
If true, this implies that irrespective of the muscle group exercised the influence of skeletal muscle afferents on the metaboreflex component of the PR would always be greater in CHF patients compared with controls. Therefore the BP elevation during PECO following exercise of muscle groups with widely differing fibre composition and habitual activity pattern would always be greater in CHF patients [6] (providing the exercise conditions are controlled to match blood flow and relative exercise intensity). This is at odds with our experience of examining BP elevations during PECO, following calf muscle exercise, in CHF patients [8] and controls [10] .
The present study was designed, therefore, to clarify a number of unresolved issues related to the influence of the muscle metaboreflex in CHF. First, and most importantly, we asked whether in CHF patients the influence of the muscle metaboreflex on the PR to isometric exercise differs between muscle groups. To this end, the PR to voluntary isometric exercise and PECO of two different muscle groups was compared within the same CHF patient. Surprisingly, this simple experiment has not, to our knowledge, been performed before. Secondly, we asked whether muscle contractile character and habitual activity pattern influence metaboreceptor feedback to 
METHODS
A total of seven male patients were studied with stable CHF due to ischaemic heart disease. All patients had NYHA (New York Heart Association) class II-III heart failure, with a mean + − S.D. duration of 4.2 + − 2.1 years (range 2.5-7 years). All had left ventricular dysfunction with a resting echocardiographic ejection fraction of 40 %. Physical and clinical characteristics are shown in Table 1 . Patients continued their medication during the study. Exclusion criteria included diabetes, neuromuscular disorders, chronic lung disease, significant valvular heart disease, atrial fibrillation and peripheral vascular disease. Six male AMA subjects, whose physical characteristics are also shown in Table 1 , took part in the study. These were all healthy normotensive subjects who were not taking any prescribed medication and had no history of heart disease, peripheral vascular disease or musculoskeletal disease. Furthermore, these AMA subjects took part in activities (e.g. ballroom dancing and jogging) that would be likely to train the calf muscles. The data collected on CHF and AMA subjects in the present study were compared with values gathered in earlier studies from this laboratory on sedentary AMCs. The experimental procedures were approved by the local Ethical Committee and performed in accordance with the Declaration of Helsinki (2000). Prior to experimentation, all subjects gave written informed consent for participation in the study.
Established methods were used to measure cardiovascular responses during voluntary isometric exercise [10, 12] . Subjects were habituated to all procedures prior to definitive measurement. CALF (calf plantar flexor exercise) and FOREARM (handgrip exercise) experiments were carried out on the same day separated by a 30 min rest period. On a subsequent visit, 1 week later, the protocols were performed in the reverse order. For CALF, subjects sat with the dominant leg clamped in the purposebuilt dynamometer with the thigh horizontal and the ankle at an angle of 1.48 rad (85
• ). The upward force generated by the calf muscles was transduced, amplified and transmitted to an analogue-to-digital converter (1401plus; Cambridge Electronic Design, Cambridge, U.K.) and sampled at 250 Hz. This signal was then displayed on a PC and a chart recorder. MVC (maximum voluntary contraction) force was taken as the best of three maximal attempts. Thirty percent MVC was calculated and displayed on a chart recorder. Subjects maintained the required force during isometric plantar flexion by matching the deflection produced on the chart recorder to the predetermined 30 % MVC line. For FOREARM experiments, subjects were seated and the preferred arm was fully supported on an arm table at the level of the heart. The table was adjusted so that the ipsilateral shoulder and elbow were relaxed. With the forearm in midline the subject gripped the dynamometer (hand dynamometer Model 78010; Lafayette, Indianaopolis, IN, U.S.A.), the force produced was transmitted to a transducer and shown on a LCD (liquid crystal display). Output from the transducer was amplified, converted from an analogue into a digital signal at 250 Hz and displayed on a PC as before. MVC was determined in the same way as described in CALF experiment. Thirty percent MVC was calculated and subjects maintained the required force by watching the LCD. Using the leg dynamometer described above, the contractile properties of the calf muscles were investigated using an electrically evoked twitch test following the methods of Davies et al. [13] . After progressive increases in stimulation current to supramaximal intensity, three single maximal twitch responses were evoked from each subject. From the force trace, maximal force, TPT (time to peak tension) and RT 50 (half relaxation time) were measured.
BP was recorded from the middle finger of the non-exercising hand, for both CALF and FOREARM experiments, using a Finapres device (Ohmeda 2300; Louisville, CO, U.S.A.). HR was recorded using a threelead ECG and HR monitor (Cardiorater CR7; Cardiac Records Ltd, London, U.K.). Analogue BP signals and ECG signals were transmitted to an analogue-to-digital converter, and were displayed and analysed on a PC. HR The experimental protocol is shown schematically in Figure 1 and was performed according to well-established methods [10] . This comprised of a 2 min rest period to obtain baseline measures followed by a 2 min ischaemic isometric contraction (either CALF or FOREARM) at 30 % MVC. Circulation was occluded to the lower leg by inflation of a thigh cuff and to the forearm by inflation of an arm cuff to above 200 mmHg. When the contraction ceased, the inflated cuff remained in place for a further 2 min. The cuff was then deflated and was followed by a 2 min recovery period. Two trials were performed on separate days and the order in which CALF and FOREARM were carried out was reversed on the second visit. The average of the two trials was used for analysis.
Statistics
Data are reported as group means + − S.E.M., unless otherwise stated. To compare data between and within groups during each phase of the experiment, summary measures (analogous with area under the curve [14] ) were used. Comparisons of the data at key time points were made using the Mann-Whitney U-test for between-group analysis and the Wilcoxon Signed Ranks test for withingroup analysis. A P value of < 0.05 was considered statistically significant.
RESULTS

Contractile responses
The CHF patient group mean twitch TPT of the plantar flexors was significantly faster than that of the AMA group (116 + − 4 compared with 138 + − 7 ms respectively). There was no significant difference between groups in the MVC force produced prior to the 8 min protocol for either handgrip (patients, 353 + − 37 N; AMA, 425 + − 38 N) or plantar flexion (patients, 745 + − 100 N; AMA, 811 + − 125 N).
Cardiovascular responses during CALF and FOREARM protocols
CHF patients
The mean resting values for HR, SBP (systolic BP) and DBP (diastolic BP) prior to FOREARM and CALF were not significantly different ( Table 2 ). During both FOREARM and CALF, HR, SBP and DBP increased progressively with no significant difference between conditions (Table 3 ). During the PECO phase, on cessation of contraction, HR returned to baseline levels with no difference between conditions (Table 3) , whereas BP pressure fell, but remained elevated above resting levels (Table 3 and Figure 2 ). On comparison of the PECO phases, both SBP and DBP were significantly lower (P < 0.05) following CALF in comparison with FOREAM (Table 3 and Figure 2 ). 
Figure 2 Change in DBP elicited during CALF () and FOREARM (ᮀ) protocols by CHF patients
AMA group
There was no significant difference between the mean resting values for HR, SBP and DBP prior to FOREARM and CALF (Table 2) . When the exercise phase of each experiment was compared there was no significant difference in the progressive rise of HR, SBP and DBP. Similarly, during the PECO phase, cardiovascular responses followed the expected pattern and were not significantly different between experiments (Table 2 and Figure 3 ).
Comparison of CALF and FOREARM responses in CHF patients and AMA subjects
Apart from DBP before CALF, which was significantly lower (P < 0.05) in the CHF patients than in the AMA group, there was no significant difference between CHF patients and AMA subjects in the resting cardiovascular parameters prior to exercise ( Table 2 ). During exercise, the AMA group appeared to show a greater increase in SBP and DBP when compared with the CHF patient group; these differences, either at the end point of exercise or over the entire exercise period, failed to reach significance (Table 3 and Figure 4 ). During the PECO phase, the patients and AMA subjects showed similar cardiovascular responses in both CALF and FOREARM protocols.
Comparison of CALF responses in AMA and values published previously for AMC subjects
In the present study, pressor responses to calf exercise and PECO in the AMA subjects were lower than those which we reported previously for AMC subjects [8] . The mean change in DBP during exercise was 15 + − 2 mmHg in the AMC subjects compared with 12 + − 3 in the AMA subjects, but more markedly decreased (by an average of 55 %) during PECO (6.6 + − 1.1 mmHg compared with 3.0 + − 2.5 mmHg respectively).
DISCUSSION
The primary aim of the present study was to examine in CHF patients whether the influence of the muscle metaboreflex on the cardiovascular system varies between individual muscle groups. A secondary aim was to examine whether the muscle metaboreflex varied in CHF patients and age-matched subjects between muscle groups of differing activity pattern and contractile character.
Therefore our finding that the sustained BP elevation during PECO was lower in the CALF than the FOREARM experiments in the CHF patients and of a similar magnitude to that in AMA subjects is indicative of a reduced muscle metaboreflex from the ankle plantar flexors, compared with the forearm muscles, in both subject groups. This relative attenuation is highlighted when CHF and AMA data are compared with responses in AMC subjects, who have markedly higher PECO values than either the CHF patients or AMA subjects. Since the experiments were performed under controlled conditions, with blood flow occluded to the active muscle, the explanation for this finding cannot be related to differences in muscle blood flow. Rather, the explanation must be related to either difference in levels of metabolite accumulation during exercise of the two muscle groups or decreased sensitivity of afferents to the accumulated metabolites. Thus the generalization of Scott et al. [11] that "the muscle metaboreflex is systemically overactive" in CHF patients cannot be true of our patients.
The reasons for this difference of opinion may be due to two main factors, namely the training status and fibre type of the active muscle. Taking the first of these factors, it is likely that there will be considerable variation in habitual activity pattern (training status) of the muscles which are typically studied in CHF patients and, indeed, in many AMC groups. This is illustrated well by the observation that the BP response during PECO following CALF in the AMA group of the present study differs from our values reported previously [8] on sedentary men of similar age. In the present study, the mean DBP elevation during PECO in AMA subjects was only 55 % of that seen in our previous study [8] . The AMA subjects were recruited in the hope that this would be the case. Their habitual activity pattern (e.g. keen members of a dancing club) would, we hoped, have conditioned their calf muscles though not their forearms. This would allow us to compare responses to exercise of trained calf muscles and untrained calf muscles (published previously by Carrington et al. [8] ) in age-matched healthy subjects with those of our CHF patients. The lower BP response during PECO in our AMA group, in comparison with our values reported previously for sedentary men of this age, reinforces our belief that the muscle metaboreflex in the AMA subjects has been attenuated by regular dance training. We [10] demonstrated a similar adaptation in healthy young subjects following specific calf muscle training. The low PECO response seen in the AMA subjects is exactly that which would be expected in response to regular dance training in healthy subjects.
The second factor which must be considered when comparing data from different muscles and subject groups is the influence of muscle fibre composition. Muscle fibre type is known to influence the PR. Faster fibres are known to be associated with a greater PR in response to exercise of healthy human and mammalian muscles [15] [16] [17] . The calf muscle twitch time course, and presumably muscle fibre composition [17] , in our AMA subjects was similar to that reported previously for healthy men of this age group [18] . If compared in an untrained state, the faster twitch time course of the CHF patients' calf muscle compared with that of the AMA subjects would be expected to be associated with a greater PR [17] . However, we found no difference between AMA subject and CHF patient responses to CALF. Thus it seems that the regular dance training of a normal calf muscle in our AMA group and the regular, although symptom-limited, exercise of the much faster calf muscle of our CHF patients has attenuated their PECO responses. It is possible that the common factor is regular exposure to exercise which generates high concentrations of anaerobic metabolites. The result is desensitization of the muscle metaboreflex, despite the differences in contractile speed of the muscles in patient and AMA subject. This explanation is supported by previous studies which showed that the fast-twitch calf muscle of sprint athletes, who had trained to tolerate repeated trials of maximal exercise over 400 m, produce a low PR during involuntary calf exercise [9] . In other studies, the forearm muscle of weightlifters [19] and previously untrained subjects following local training [6, 20] also showed this adaptation. In the present study, the faster twitch postural muscle of the CHF patients would normally be exercising under impaired flow conditions [5] during postural and locomotor activity. Furthermore, leg muscles of CHF patients in concert with increased prevalence of fasttwitch muscle fibres [21] have decreased oxidative capacity [22] and an increased reliance on anaerobic metabolism [21] . All of these adaptations in CHF would facilitate high anaerobic metabolite loads during exercise. The AMA subjects might also generate high anaerobic metabolite loads during the frequent calf raises performed during dancing. We know from previous work in this laboratory [10] that calf-raise exercise is very effective in attenuating the muscle metaboreflex. Thus it may be that both our CHF patients and AMA subjects have desensitization of the metaboreflex in the calf muscles.
The forearm muscles of both CHF patients and AMA subjects gave similar PR responses during exercise and PECO. This is because they are likely to be of similar habitual activity pattern and fibre type. Neither group of subjects had specifically trained the forearm nor was forearm muscle function markedly impaired in the CHF patients, as indicated by their well-maintained maximal handgrip strength which was equal to that of the AMA subjects. This lack of a specific training adaptation may explain the generally larger PECO response to forearm exercise in patients and AMA subjects. Our present results showed clearly that, in the CHF patients, the elevation in DBP during PECO following isometric forearm exercise was significantly greater than that following isometric calf exercise of the same relative intensity. Few studies have compared responses from upper and lower limb muscle groups in healthy subjects or patient groups. Our findings indicate that it would be inaccurate to extrapolate from data obtained from one muscle group to draw inferences about the level of muscle afferent feedback from other muscle groups. If the training status of the muscle is not properly controlled, then the role of muscle afferent input to cardiovascular control could be mis-stated.
In the present study, where BP elevation was lower during PECO following CALF than FOREARM in CHF patients, the influence of central command and muscle mechanoreflex was absent during PECO. Therefore muscle metaboreflex activity must have been lower in CALF than FOREARM in our CHF patients. This finding is in contrast with that of Scott and co-workers [11] who maintained that "the metaboreflex is systemically overactive" in CHF. They compared the ventilatory response of CHF patients with healthy controls during PECO following rhythmic handgrip exercise (50 % MVC) and cycling (60-70 % of peak Vo 2 , where Vo 2 is the oxygen consumption) and observed in the CHF patients a similarly (r = 0.4) exaggerated ventilatory response following both forms of exercise. Although they [11] reported that metaboreflex activity was related to exercise intensity, their study was limited because upper and lower limb exercise intensities were not standardized. In addition, different modes of exercise were compared (i.e. dynamic compared with isometric). In the present study, both handgrip and plantar flexion were performed at 30 % MVC isometric contraction with occluded blood flow, thus ensuring that any changes in muscle metaboreflex activation were due to muscle group differences and not to varying exercise intensity.
For reasons of safety, CHF patients continued taking medication throughout the study. Carrington et al. [8] have argued previously that this is unlikely to affect BP and HR responses to isometric exercise protocols.
In conclusion, we have demonstrated a muscle-groupspecific metaboreflex response to well-controlled isometric exercise in CHF patients. Although we do not dispute 'the muscle hypothesis' of heart failure [23] , which attributes the impaired exercise tolerance associated with CHF to abnormal muscle afferent feedback, our present data suggest that this feedback is not uniform across all muscle groups. The contradictory findings of different studies [6, 7, 20] investigating the role of skeletal muscle afferent feedback on the PR in CHF may be accounted for by the choice of muscle group studied and local differences in muscle training status and fibre type.
